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Inclusive J/ψ production is studied in Xe–Xe interactions at a centre-of-mass energy per nucleon pair 
of √sNN = 5.44 TeV, using the ALICE detector at the CERN LHC. The J/ψ meson is reconstructed via 
its decay into a muon pair, in the centre-of-mass rapidity interval 2.5 < y < 4 and down to zero 
transverse momentum. In this Letter, the nuclear modification factors RAA for inclusive J/ψ , measured 
in the centrality range 0–90% as well as in the centrality intervals 0–20% and 20–90% are presented. The 
RAA values are compared to previously published results for Pb–Pb collisions at √sNN = 5.02 TeV and to 
the calculation of a transport model. A good agreement is found between Xe–Xe and Pb–Pb results as 
well as between data and the model.
© 2018 Organisation européenne pour la recherche nucléaire. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
The study of the production of quarkonium states plays an im-
portant role in the characterization of the properties of the Quark-
Gluon Plasma (QGP) [1]. This state of matter, where quarks and 
gluons are not confined into hadrons, can be produced in heavy-
ion collisions at ultrarelativistic energies. Quarkonia are bound 
states of heavy quark-antiquark pairs (charmonia, cc and bottomo-
nia, bb) and their production rate is significantly affected by the 
QGP. In particular, the color force responsible for the binding of 
heavy quarks is expected to be screened in the QGP, leading to a 
suppression of quarkonium production which can be related to the 
initial temperature of the system [2,3]. In addition, at very high en-
ergies, such as those available at the LHC, the abundant production 
of charm-anticharm pairs leads to a recombination process, which 
may occur both in the QGP phase or when the system cools down 
and hadrons are formed out of the free quarks and gluons [4,5]. 
The study of the interplay between suppression and recombina-
tion processes offers the possibility of a quantitative investigation 
of the existence of colorless bound states of heavy quarks in the 
QGP.

An extended set of results was obtained for the J/ψ , a char-
monium state with quantum numbers J PC = 1−− , at LHC energies 
(
√

sNN = 2.76 and 5.02 TeV) in Pb–Pb collisions [6–12]. Compar-
ison of these results to theoretical models [13–17] and to lower 
energy data [18,19] favors the picture described above. The study 
of the collision of nuclei lighter than Pb may give additional im-
portant information on the relative contribution of suppression and 
recombination mechanisms.

A step in this direction is performed in this Letter, where first 
results on J/ψ production at LHC energies in Xe–Xe, a collision sys-

� E-mail address: alice -publications @cern .ch.

tem (AXe = 129) lighter than Pb–Pb (APb = 208), are presented. 
Data were collected by the ALICE Collaboration at the centre-of-
mass energy per nucleon pair 

√
sNN = 5.44 TeV, during a short 

run carried out at the end of 2017. Due to the limited integrated 
luminosity, Lint ∼ 0.34 μb−1, the statistical uncertainties are signif-
icantly larger than those of the Pb–Pb results [10], but nevertheless 
allow a meaningful comparison between the two systems, in terms 
of the nuclear modification factor RAA. This quantity is obtained as 
the ratio between the production yields in nucleus–nucleus colli-
sions and the corresponding proton–proton (pp) cross section, nor-
malized to the nuclear thickness function 〈TAA〉 [20]. Values of RAA
smaller (larger) than unity indicate suppression (enhancement) ef-
fects for the particle under study. The results shown in this Let-
ter correspond to the centre-of-mass rapidity range 2.5 < y < 4, 
are integrated over transverse momentum (pT) and were obtained 
by studying the J/ψ → μ+μ− decay channel. The nuclear mod-
ification factor is studied as a function of the centrality of the 
collision [21], expressed as a percentage of the hadronic Xe–Xe
cross section. The results correspond to inclusive J/ψ production, 
which is the sum of a prompt component (directly produced J/ψ
and feed-down from other charmonium states) and a non-prompt 
component, due to the decay of particles containing a b quark.

ALICE is the LHC experiment dedicated to the study of nuclear 
collisions, and is described in detail in Refs. [22,23]. The main de-
tector used in this analysis is a muon spectrometer [24], covering 
the pseudorapidity range −4 < η < −2.5.1 It includes tracking and 
trigger chambers, and reconstructs muons with pT larger than a 

1 In the ALICE reference frame, the muon spectrometer covers a negative η range 
and consequently a negative y range. We have chosen to present our results with a 
positive y notation.

https://doi.org/10.1016/j.physletb.2018.08.047
0370-2693/© 2018 Organisation européenne pour la recherche nucléaire. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

https://doi.org/10.1016/j.physletb.2018.08.047
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:alice-publications@cern.ch
https://doi.org/10.1016/j.physletb.2018.08.047
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2018.08.047&domain=pdf


420 ALICE Collaboration / Physics Letters B 785 (2018) 419–428
Fig. 1. Fits to invariant mass distributions of opposite-sign dimuons, for 0–90% Xe–Xe collisions. In the left panel, the result of a fit to the raw invariant mass spectrum is 
shown, while in the right panel the fit to the same distribution after subtraction of the mixed-event background is presented. The fit curves shown in blue represent the sum 
of the signal and background shapes, while the red lines correspond to the J/ψ signal and the blue dashed ones to the background (see text for details). (For interpretation 
of the colors in the figure(s), the reader is referred to the web version of this article.)
given threshold, which is set at the trigger level. In addition, the 
V0 [25], a set of scintillator detectors covering 2.8 < η < 5.1 and 
−3.7 < η < −1.7, is used to define the minimum bias (MB) inter-
action trigger via a coincidence of signals at positive and negative 
η values. The V0 is also used for the centrality estimate via a fit 
of the distribution of the total signal amplitudes in the framework 
of the Glauber model [21]. The reconstruction of the primary col-
lision vertex is carried out in the two layers of the Silicon Pixel 
Detector (SPD), the innermost part of the Inner Tracking System of 
the experiment [26], covering |η| < 2 and |η| < 1.4 respectively. 
Finally, rejection of non-hadronic Xe–Xe collisions is performed 
using the Zero Degree Calorimeters (ZDC) [27], which identifies 
electromagnetic interactions, while the V0 detects beam-gas col-
lisions occurring outside the nominal interaction point region.

The data analyzed in this Letter are taken with a trigger formed 
by the coincidence of the MB trigger signal and of at least one 
muon triggered in the muon spectrometer, with a pT = 0.5 GeV/c
threshold. The definition of the trigger is less restrictive than the 
one usually adopted for Pb–Pb data taking (1 GeV/c threshold and 
two detected muons), due to the much smaller instantaneous lu-
minosity for Xe–Xe collisions. Standard selection criteria [10] are 
then applied to such events and to the muon candidates. In partic-
ular, it is required (i) that two opposite-sign tracks reconstructed 
in the tracking chambers of the muon spectrometer are matched to 
track segments in the trigger system, (ii) that both muons belong-
ing to the pair (dimuon) have −4 < ημ < −2.5, and (iii) that their 
transverse position Rabs at the end of the hadron absorber of the 
muon spectrometer satisfies the condition 17.6 < Rabs < 89.5 cm. 
Finally, the reconstructed dimuon should lay in the fiducial rapid-
ity region of the muon spectrometer, 2.5 < y < 4.

The nuclear modification factor RAA for the collision system un-
der study is defined, for the centrality interval i, as

Ri
AA = Ni

J/ψ

BRJ/ψ→μ+μ− Ni
MB Aεi〈T i

AA〉σ pp
J/ψ

, (1)

where Ni
J/ψ is the number of detected J/ψ in the i-th centrality 

interval, BRJ/ψ→μ+μ− = (5.96 ± 0.03)% is the branching ratio of 
the dimuon decay channel [28], Ni

MB is the number of MB events 
corresponding to the analyzed triggered event sample, Aεi is the 
product of the detector acceptance times the reconstruction effi-
ciency, 〈T i

AA〉 is the average nuclear thickness function [29], and 

σ
pp
J/ψ is the inclusive J/ψ cross section for pp collisions, at the same 

energy and in the same kinematic range as the Xe–Xe data. Re-
sults are given for the centrality interval 0–90% and for the two 
sub-intervals 0–20% and 20–90%.

Except for the determination of σ pp
J/ψ , the other quantities en-

tering the definition of RAA are evaluated following the same pro-
cedure used for the analysis of the Pb–Pb data sample and detailed 
in Ref. [10].

The extraction of NJ/ψ is performed with two different ap-
proaches. In the first, the raw opposite-sign dimuon invariant mass 
distribution is fitted with a superposition of resonance and back-
ground shapes [30], the former being tuned to Monte Carlo (MC) 
simulations and the latter corresponding to empirical functions. 
In the second, the background is estimated via a mixed-event in-
variant mass distribution, obtained from the collected sample of 
muon-triggered events and subtracted from the raw spectrum [9]. 
The resulting distribution is then fitted with the sum of a reso-
nance shape and a continuum function accounting for the small 
residual background component. Due to the low statistical signif-
icance of the present data sample, the width of the J/ψ meson, 
which is usually kept as a free parameter in the invariant mass 
fits, is fixed to σJ/ψ = 70 MeV/c2, corresponding to the value of 
this quantity obtained in previous analyses [10,31,32]. For each 
of the two approaches, several fits were performed varying the 
fit mass range, the signal and background shapes and the J/ψ
width by ±1 MeV/c2. The obtained value for the centrality inter-
val 0–90% is NJ/ψ = 241 ± 47(stat.) ± 26(syst.), where the central 
value and the statistical uncertainty correspond to the average of 
the fit results and to the average of the corresponding statisti-
cal uncertainties, respectively. The systematic uncertainty is ob-
tained as the root mean square of the distribution of the NJ/ψ
values obtained with the various fits. The corresponding values 
for the 0–20% and 20–90% centrality sub-intervals are NJ/ψ =
175 ± 42(stat.) ± 23(syst.) and NJ/ψ = 77 ± 20(stat.) ± 7(syst.), re-
spectively.

Fig. 1 shows as an example the results of two fits to the 0–90% 
Xe–Xe dimuon invariant mass distribution, corresponding to fitting 
the raw spectrum (left panel) or the mixed-event background sub-
tracted mass distribution (right panel).

The product of the acceptance times the reconstruction effi-
ciency Aε for J/ψ is evaluated via a MC simulation, based on 
the GEANT3 transport model [33], which takes into account the 
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alignment of the muon spectrometer detectors and their efficiency. 
The input pT and y distributions for the J/ψ acceptance calcula-
tion cannot be tuned directly to data, due to the low integrated 
luminosity of the data sample. It is therefore assumed that the 
shape of the y and pT distributions is similar for different collision 
systems in centrality intervals corresponding to the same average 
number of participant nucleons, weighted by the corresponding 
number of nucleon–nucleon collisions, 〈Nw

part〉. The weighting is 
introduced to take into account that the J/ψ production cross sec-
tion is proportional to the number of nucleon–nucleon collisions 
and that therefore the average Npart in wide centrality bins is 
systematically shifted towards higher values. Following this argu-
ment, the differential distributions measured in Pb–Pb collisions at √

sNN = 5.02 TeV [10] for the 20–40% centrality range are used as 
input distribution for the MC calculation, since 〈Nw

part〉PbPb,20−40%
is equal, within ∼ 2%, to 〈Nw

part〉XeXe,0−90%, estimated via a Glauber 
MC calculation. The systematic uncertainty on the J/ψ acceptance 
value due to the choice of the J/ψ rapidity and transverse mo-
mentum distributions amounts to 2% and is evaluated by choosing 
alternative input shapes corresponding to other Pb–Pb centrality 
ranges.

Concerning the reconstruction efficiency, it slightly depends on 
the collision centrality, due to the detector occupancy in the muon 
spectrometer. The effect was evaluated in the analysis of Pb–Pb
events [10] by embedding the simulated J/ψ signal into real events 
corresponding to various centralities. For this analysis, starting 
from the Pb–Pb results, the decrease in AεXeXe,0−90% with respect 
to a simulation containing only J/ψ is estimated to be 4.2% (values 
for 0–20% and 20–90% centrality ranges are 5.5% and 1.6%, respec-
tively). The systematic uncertainty on the reconstruction efficiency 
is evaluated following the procedure used in Ref. [10], leading to a 
3.6% effect.

The resulting value for the product of acceptance times recon-
struction efficiency for J/ψ production in 0–90% Xe–Xe collisions 
is AεXeXe,0−90% = 0.228 ± 0.009(syst.), with a negligible statistical 
uncertainty.

The normalization factor NMB is evaluated by multiplying the 
number of opposite-sign dimuon triggers by a factor Fnorm, cor-
responding to the inverse of the probability of having a trig-
gered muon in a MB event. This quantity is computed from the 
event trigger input information and the level-0 trigger mask. The 
procedure and the evaluation of the systematic uncertainty are 
described in Ref. [10]. The obtained value is Fnorm = 2.428 ±
0.001(stat.) ± 0.024(syst.).

The reference cross section for the calculation of RAA is ob-
tained starting from the measured value of the inclusive J/ψ cross 
section in pp collisions at 

√
s = 5.02 TeV [10]. This quantity is then 

corrected to account for the different centre-of-mass energy of the 
Xe–Xe data, using an interpolation of available ALICE pp results 
at 

√
s =2.76, 5.02, 7, 8 and 13 TeV [32]. The obtained value is 

σ
pp
J/ψ = 5.99 ± 0.09(stat.) ± 0.30(syst.) μb−1, where the systematic 

uncertainty contains a small term (0.4%) related to the interpola-
tion procedure, calculated as the maximum spread between results 
obtained with various interpolating functions [34].

The nuclear thickness function 〈TAA〉 is evaluated for the var-
ious centrality intervals via a Glauber model calculation, and its 
uncertainty is estimated by varying within uncertainties the den-
sity parameters of the Xe nucleus [29,35]. For 0–90% centrality 
its value amounts to 〈TAA〉 = 3.25 ± 0.25 mb−1, while for 0–20% 
and 20–90% one obtains 〈TAA〉 = 9.90 ± 0.62 mb−1 and 〈TAA〉 =
1.35 ± 0.14 mb−1, respectively.

Finally, a systematic uncertainty on the definition of the cen-
trality intervals is evaluated by varying the value of the V0 signal 
amplitude corresponding to 90% centrality by ±0.5% and recalcu-
lating correspondingly the centrality intervals.

Table 1
Summary of systematic uncertainties on the calculation of the nu-
clear modification factors. The tracking efficiency term includes a 
1% contribution due to the choice of the χ2 cut of the matching 
between the information of tracking and trigger detectors. All the 
uncertainties are correlated among the various centrality ranges, 
except those on the signal extraction, 〈TAA〉 and the definition of 
the centrality intervals.

Source 0–90% 0–20% 20–90%
Signal extraction 11% 13% 8%
MC input 2% 2% 2%
Tracking efficiency 2% 2% 2%
Trigger efficiency 3% 3% 3%
Fnorm 1% 1% 1%
〈TAA〉 8% 6% 10%
Centrality 0% 0% 1%
pp reference 5% 5% 5%

Fig. 2. The inclusive J/ψ nuclear modification factor for Xe–Xe collisions at √sNN =
5.44 TeV. The results are plotted using as centrality variable 〈Nw

part〉, obtained by 
weighting, in each centrality interval, the Npart distribution with the correspond-
ing distribution of the number of nucleon–nucleon collisions. The error bars rep-
resent the statistical uncertainties, the boxes around the points the uncorrelated 
systematic uncertainties. Correlated uncertainties are shown as a filled box around 
unity. The results are compared with the same quantity for Pb–Pb collisions at √

sNN = 5.02 TeV [10] and to the results of the calculation of a transport model [13,
14]. For Pb–Pb, the weighting of Npart with the number of nucleon–nucleon colli-
sions was not performed, since it leads to a negligible effect when the centrality 
intervals are narrow.

Table 1 shows a summary of the systematic uncertainties for 
the RAA measurement for the three analyzed centrality ranges. 
The main contributions come from the estimate of 〈TAA〉 and from 
the signal extraction. The former is dominated by the uncertainty 
on the surface thickness of the Xe nucleus. The latter, being esti-
mated in a data-driven way as detailed above, may suffer from the 
statistical limitations of the data sample. The quoted values can 
therefore be considered to be a conservative estimate.

The pT-integrated nuclear modification factor for inclusive J/ψ
production in Xe–Xe collisions at 

√
sNN = 5.44 TeV, measured 

in 2.5 < y < 4 and in the 0–90% centrality range, is RAA =
0.54 ± 0.11(stat.) ± 0.08(syst.). This value can be compared with 
the corresponding one for Pb–Pb collisions at 

√
sNN = 5.02 TeV, 

RPbPb
AA = 0.65 ± 0.01(stat.) ± 0.04(syst.) [10]. Their ratio amounts to 

0.84 ± 0.16(stat.) ± 0.13(syst.), showing that the two values agree 
within about 0.8σ . Following the approach of Ref. [9], it can be 
shown that the Xe–Xe nuclear modification factor for prompt J/ψ
could be up to 10% higher (lower) than the inclusive RAA if the 
non-prompt J/ψ component from the decays of hadrons containing 
a b quark is not (completely) suppressed. In Fig. 2 the RAA values 
for 0–20% and 20–90% Xe–Xe collisions are plotted, and compared 



422 ALICE Collaboration / Physics Letters B 785 (2018) 419–428

with the centrality dependence of the nuclear modification fac-
tor for Pb–Pb collisions [10]. The latter shows, after a decrease 
up to Npart ∼ 100, a saturation at RAA ∼ 0.65–0.7 towards more 
central events, and the two Xe–Xe points are found to be in agree-
ment, within their larger uncertainties, with the Pb–Pb results. The 
Xe–Xe and Pb–Pb results are also compared with the calculation of 
a transport model by Du and Rapp [13,14]. A close similarity of the 
predicted suppression patterns for Pb–Pb and Xe–Xe is observed, 
which fairly reproduces the experimental results.

In summary, we have measured inclusive J/ψ production in 
Xe–Xe collisions at 

√
sNN = 5.44 TeV. Results on the nuclear mod-

ification factors were given for various centrality selections and 
compared to corresponding results for Pb–Pb collisions at 

√
sNN =

5.02 TeV and to a theoretical model. Within the experimental un-
certainties, a good agreement is found between the RAA measured 
in the two systems and with the calculation. These results show 
that the relative contribution of suppression and regeneration pro-
cesses is similar for collisions producing similar Npart values from 
different collision systems.
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N. Mohammadi 36, A.P. Mohanty 64, B. Mohanty 86, M. Mohisin Khan 18,iv, D.A. Moreira De Godoy 142, 
L.A.P. Moreno 2, S. Moretto 31, A. Morreale 112, A. Morsch 36, V. Muccifora 52, E. Mudnic 37, 
D. Mühlheim 142, S. Muhuri 139, M. Mukherjee 4, J.D. Mulligan 144, M.G. Munhoz 119, K. Münning 44, 
M.I.A. Munoz 80, R.H. Munzer 70, H. Murakami 129, S. Murray 74, L. Musa 36, J. Musinsky 66, C.J. Myers 124, 
J.W. Myrcha 140, B. Naik 49, R. Nair 85, B.K. Nandi 49, R. Nania 54,11, E. Nappi 53, A. Narayan 49, M.U. Naru 16, 
A.F. Nassirpour 81, H. Natal da Luz 119, C. Nattrass 127, S.R. Navarro 2, K. Nayak 86, R. Nayak 49, 
T.K. Nayak 139, S. Nazarenko 106, R.A. Negrao De Oliveira 70,36, L. Nellen 71, S.V. Nesbo 38, G. Neskovic 41, 
F. Ng 124, M. Nicassio 104, J. Niedziela 140,36, B.S. Nielsen 89, S. Nikolaev 88, S. Nikulin 88, V. Nikulin 96, 
F. Noferini 11,54, P. Nomokonov 76, G. Nooren 64, J.C.C. Noris 2, J. Norman 79, A. Nyanin 88, J. Nystrand 24, 
H. Oh 145, A. Ohlson 102, J. Oleniacz 140, A.C. Oliveira Da Silva 119, M.H. Oliver 144, J. Onderwaater 104, 
C. Oppedisano 59, R. Orava 45, M. Oravec 114, A. Ortiz Velasquez 71, A. Oskarsson 81, J. Otwinowski 116, 
K. Oyama 82, Y. Pachmayer 102, V. Pacik 89, D. Pagano 137, G. Paić 71, P. Palni 7, J. Pan 141, A.K. Pandey 49, 
S. Panebianco 134, V. Papikyan 1, P. Pareek 50, J. Park 61, J.E. Parkkila 125, S. Parmar 98, A. Passfeld 142, 
S.P. Pathak 124, R.N. Patra 139, B. Paul 59, H. Pei 7, T. Peitzmann 64, X. Peng 7, L.G. Pereira 72, 
H. Pereira Da Costa 134, D. Peresunko 88, E. Perez Lezama 70, V. Peskov 70, Y. Pestov 5, V. Petráček 39, 
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95 Oak Ridge National Laboratory, Oak Ridge, TN, United States
96 Petersburg Nuclear Physics Institute, Gatchina, Russia
97 Physics department, Faculty of science, University of Zagreb, Zagreb, Croatia
98 Physics Department, Panjab University, Chandigarh, India
99 Physics Department, University of Jammu, Jammu, India
100 Physics Department, University of Rajasthan, Jaipur, India
101 Physikalisches Institut, Eberhard-Karls-Universität Tübingen, Tübingen, Germany
102 Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
103 Physik Department, Technische Universität München, Munich, Germany
104 Research Division and ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
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